Introduction
Glutamine is the source for most of the nitrogen in biosynthetic pathways because of its connection to carbohydrate metabolism via cr-oxoglutarate and glutamate. T h e enzymes that transfer nitrogen from the amide of glutamine to acceptor substrates in biosynthetic pathways are known as glutamine amidotransferases. Glutamine amidotransferases are a large and well studied family of enzymes for which the first three-dimensional structures have recently been determined. This paper summarizes the structural information on glutamine amidotransferases and places it in the context of existing biochemical data on the enzymes .
T h e fundamental reaction catalysed by glutamine amidotransferases is:
Acceptor + glutamineaminated acceptor + glutamate Most glutamine amidotransferases can transfer ammonia directly to their acceptor substrates:
Acceptor + ammonia+aminated acceptor although this reaction usually does not pertain under physiological conditions. They can also hydrolyse glutamine independent of nitrogen transfer:
Glutamine + H 2 0 -glutamate + NH3 These properties have afforded simple structure/function experiments and have also influenced thinking about glutamine amidotransferase mechanisms. For example, nitrogen transfer from glutamine has been conceptualized as a two-step process: production of ammonia by hydrolysis of glutamine followed by transfer of ammonia to the acceptor substrate. However, there is no experimental evidence supporting the production of free ammonia during normal turnover of the enzymes.
A total of 15 different glutamine amidotransferases have been described. The enzymes are prominent in nucleotide biosynthesis, with three examples in the de novo purine pathway Abbreviation used: P-Rib-PP, S-phosphoribosyl-1 -pyrophosphate. and two involved in pyrimidine biosynthesis. The state of knowledge of the entire family was summarized recently in an excellent review by Zalkin [l] . T h e enzymes have several properties in common. Prominent among these are a modular organization and a catalytic cysteine. T h e separable catalytic activities mentioned above have led to operational definitions of functional domains, which can also be assigned to contiguous regions of the amino acid sequence of each glutamine amidotransferase. A 'glutamine' domain is responsible for glutaminase activity and for glutamine-dependent nitrogen transfer. An 'acceptor' domain binds the acceptor substrate and is required for ammonia-dependent activity. A particular cysteine residue in the glutamine domain of each enzyme is essential for glutaminedependent catalysis. If this residue is blocked by mutagenesis or chemical modification, glutamine-dependent activity is lost, but ammoniadependent activity is unaffected. In some amidotransferases, a stable thiol ester of glutamate at the catalytic cysteine has been identified [2-41, leading to the conclusion that glutamate thiol ester is an intermediate in all glutamine amidotransferase reactions.
Analysis of amino acid sequences has led to the identification of two families of glutamine domains [l] . These have been known by the names of the Escherichia coli genes encoding prototypical members of each family. 'G-type' glutamine amidotransferases are named for the tlpG gene product, anthranilate synthase, which catalyses a reaction in the tryptophan pathway. Ftype glutamine amidotransferases are named for the purF gene product, glutamine 5-phosphoribosyl-1-pyrophosphate (P-Rib-PP) amidotransferase, which catalyses the first step of de novo purine biosynthesis. We have adopted the more straightforward nomenclature of Class I for the more numerous G-type glutamine amidotransferases, and Class I1 for the F-type enzymes. Within each family is a handful of invariant residues, which bear no resemblance to the other family beyond the catalytic cysteine.
Class I glutamine amidotransferases have, in addition to the conserved cysteine, conserved histidine and glutamate residues. It has been proposed that these enzymes have a catalytic Other invariant residues include arginine, aspartate, glycine and proline. There appears to be no catalytic triad in the Class I1 enzymes.
The acceptor domains of glutamine amidotransferases are specific for each acceptor substrate and are therefore unrelated. An important feature of the enzymes is the coupling of nitrogen abstraction from glutamine and its transfer to the acceptor substrate. Although independent function can be coaxed from the glutamine and acceptor domains of most enzymes, it is clear that the two catalytic domains are designed to work in concert. The mechanism for co-ordination of activities of the glutamine and acceptor domains is unknown.
We have recently solved the crystal structures for two glutamine amidotransferases from the purine biosynthetic pathway, GMP synthetase (EC 6.3.5.2) [6], a Class I enzyme, and glutamine P-Rib-PP amidotransferase (amidophosphoribosyltransferase, EC 2.4.2.14) [7] , a Class I1 enzyme. Features of the structures that pertain to other family members are discussed below.
Class I glutamine amidotransferases
The structure of E. coli GMP synthetase [6] is illustrative of the Class I glutamine amidotransferases. GMP synthetase catalyses the last reaction on the guanine branch of the de novo purine pathway, i.e. the conversion of xanthosine monophosphate (XMP) into GMP. A carbonyl substituent at the 2-position of the purine base is converted into an amino substituent in this reaction. The relatively unreactive 2-carbonyl of XMP is first 5'-adenylated by ATP to activate it for nucleophilic attack by nitrogen. Thus the acceptor domain of GMP synthetase is also an ATP pyrophosphatase, and catalyses the adenylation reaction, producing pyrophosphate (PP,). The ultimate products of the reaction are GMP, glutamate, AMP and PP,.
In GMP synthetase, the glutamine and acceptor catalytic sites are located on distinct structural domains. The domains are connected by a flexible hinge, which is in a wide-open position in the crystal structure.
The glutamine amidotransferase active site of Class I enzymes is a familiar structure in enzyme catalysis. The glutamine domain of GMP synthetase comprises the first 206 residues of the protein and has at its core a large open P-sheet of mixed polarity (Figure la) . The active site is at the C-terminal end of the parallel segment of the p-sheet. As expected from sequence conservation, there is a Cys-His-Glu triad in the active site (Figure lb) . Side chains of the triad are positioned in the same manner as in the catalytic triad of the cysteine protease papain. Class I glutamine amidotransferases are thus placed firmly within the familiar territory of hydrolytic enzymes having catalytic triads, and we expect that glutamine hydrolysis proceeds via the well understood mechanism of this enzyme superfamily. When this mechanism is overlaid on the GMP synthetase structure, the Cys-86 nucleophile attacks the amide carbon of glutamine, forming a tetrahedral intermediate. Collapse to the acyl enzyme, the glutamyl thiol ester of Cys-86, occurs upon donation of a proton by His-181 to the NH3 leaving group. T h e acyl enzyme is hydrolysed by histidine-assisted attack of water and reversal of these steps. The mechanism requires stabilization of the transient negative charge on the glutamine amide oxygen of the tetrahedral intermediate. An oxyanion hole near the Cys-86 nucleophile is formed by the backbone N H groups of Tyr-87 and Gly-59.
T h e glutamine active site of GMP synthetase and other Class I enzymes exhibits very low levels of glutaminase activity in the absence of the acceptor substrate [8]. Therefore some element necessary for catalysis is missing from the active site. Atoms of the oxyanion hole and the catalytic triad of GMP synthetase are superimposable with the analogous atoms of papain, so we infer that the missing element is a proper specificity pocket for glutamine binding. Substrateinduced conformational changes in the enzyme are presumed to create a specificity pocket for glutamine binding, probably by flexing of the hinge between domains. This also provides a means for coupling of reactivity in the acceptor and glutamine domains of the enzyme.
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Class II glutamine amidotransferases
Glutamine P-Rib-PP amidotransferase is the prototypical Class I1 glutamine amidotransferase. It catalyses the first step of de now0 purine biosynthesis, conversion of P-Rib-PP into 5-phosphoribosyl-1-amine. As the first committed step in the pathway, the enzyme is feedback-regulated by end-products of the pathway, in this case mono-and di-phosphate nucleotides of adenine and guanine. We have solved the crystal structure of the Bacillus subtilis enzyme [ 7 ] .
As is the case for Class I glutamine amidotransferases, the glutamine and acceptor domains are also structural modules in Class I1 enzymes.
The active site of the glutamine domain is identified by the catalytic Cys-1 residue, which is surrounded by other invariant residues of Class I1 glutamine amidotransferases. T h e active site of the acceptor domain is identified by the binding fingerprint for P-Rib-PP [9] . In the crystal structure, this active site is occupied by the feedback inhibitor AMP. T h e two active sites face one another across the domain boundary. With AMP bound to the acceptor active site and to another allosteric site, the domains are hinged open and the active sites are too far from one another for effective catalysis. The catalytic Cys-1 is poorly reactive with glutamine until P-Rib-PP binds to the acceptor active site.
Class I1 glutamine amidotransferases do not have a familiar active-site structure, but it is nevertheless possible to formulate a mechanistic scheme based on structural and biochemical considerations. T h e glutamine domain is constructed from two p-sheets encased in layers of a-helices (Figure 2u) . T h e active site is located at one end of the p-sandwich and is remarkable in its isolation from the bulk solvent. T h e thiol side chain of Cys-1 points into a cavity within the glutamine domain, which is large enough ( -12 A x 10 A x 9 A) to accommodate a glutamine molecule. Cys-1 is surrounded by the six other residues that are invariant among Class I1 glutamine amidotransferases. There is no conserved side chain close enough to Cys-1 to participate in acid-base catalysis, contrary to expectation for a hydrolytic enzyme. However, the enzyme slowly hydrolyses glutamine in the absence of the nitrogen acceptor P-Rib-PP. We propose that the N-terminus of the polypeptide, the a-amino group of Cys-1, can serve as a proton donor in the hydrolysis of glutamine ( Figure %) . T h e a-amino group should also assist in deprotonation of the Cys-1 thiol, as required for nucleophilic attack on glutamine.
Invariant residues form a likely oxyanion hole adjacent the Cys-1 nucleophile. T h e atoms that could hydrogen bond to the transient oxyanion of the glutamine amide oxygen are the side-chain nitrogen of Asn-102 and the backbone N H group of Gly-103. T h e organization of the nucleophile and putative oxyanion hole are strictly analogous to that of the nucleophile and oxyanion hole of enzymes with a catalytic triad. If
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The Enzymes of Nucleotide Biosynthesis Figure I(a) . Side chains are shown for invariant residues Cys-I, Arg-26, Gly-27, Arg-72, Pro-86, Asn-102, The N-terminal Cys-I nucleophile points away from the viewer, towards the glutamine substrate. Glutamine is bound with its amide oxygen in the proposed oxyanion hole, which consists of the amide nitrogen of Asn-I02 and the backbone NH of Gly-103. Specificity is provided by the side chains of Arg-72 and Asp-127, which are not drawn completely. Residue numbering is from 6. subtilis glutamine P-Rib-PP amidotransferase. Dotted and dashed lines are as in Figure I (b) .
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the glutamine amide carbon is placed within bonding distance of the Cys-1 nucleophile, then the amide oxygen easily fits into the proposed oxyanion hole. In this scheme, roles for other the nucleophile Cys-1 by hydrogen-bonding to both its backbone C=O, and a-amino groups. Arg-26 also fixes the orientation of Asn-102 in the oxyanion hole by hydrogen-bonding to its side-chain amide oxygen. The peptide of conserved Pro-86 is in a cis conformation, which creates part of the cavity at the glutamine binding site. The charged side chains of Arg-72 and Asp-127 are capable of forming ion pairs with the a-carboxy and a-amino groups, respectively, of substrate glutamine.
Why then does glutamine P-Rib-PP amidotransferase have glutaminase activity that is 100-fold lower without P-Rib-PP than with the acceptor substrate [lo]? We speculate that the a-amino group of Cys-1 is a poor proton donor. Inaccessibility of the active site in the resting enzyme also contributes to its low reactivity, although minimal structural breathing would make the site accessible. P-Rib-PP binding to the acceptor domain is expected to make the glutamine active site more accessible because two peptides contributing to the cavity are derived from the acceptor domain. Thus substrate-induced structural changes are likely to be vital in coupling the reactivities of the glutamine and acceptor domains in Class I1 glutamine amidotransferases as well as in the Class I enzymes .
Conclusions
The structures of GMP synthetase and glutamine P-Rib-PP amidotransferase reveal the protein folds and active-site structures for Class I and Class I1 glutamine amidotransferases respectively. The glutamine and acceptor domains, which were defined by function and primary sequence, are structural modules in both enzyme classes. Class I and Class I1 glutamine amidotransferase domains have unrelated protein folds and very different active sites.
Mechanisms for abstraction of nitrogen from glutamine and for hydrolysis of the acylenzyme intermediate are proposed for both enzyme classes. Class I enzymes have a conserved catalytic triad at the active site and are assumed to employ a mechanism identical to other hydrolytic enzymes with a catalytic triad. A conserved oxyanion hole is also proposed for the Class I enzymes. Although Class I1 enzymes do not employ a catalytic triad, elements of a hydrolytic active site, including the nucleophile, a potential proton donor, an oxyanion hole and a glutamine specificity pocket, are proposed among residues that are conserved in all Class I1 enzymes.
Glutamine amidotransferase catalytic sites of both Class I and Class I1 enzymes are deficient in different ways, and this obscures the elucidation of the sequence of events that occurs during normal turnover of the enzymes. We consider two frequently discussed possibilities to be plausible. The first is that no free NH3 is produced, and that the tetrahedral intermediate of glutamine hydrolysis attacks the acceptor substrate directly. This means there is no need for a proton donor for the nitrogen leaving group. The second possibility is that free NH3 is generated, and is transferred to the acceptor substrate without solvent exchange. This requires a channel to be created by the domain closure that must occur in the active form of the enzyme. The first possibility seems more likely for Class I1 enzymes with the N-terminal nucleophile, because the weakest part of the apparatus for glutamine hydrolysis seems to be the proton donor. In the case of Class I enzymes, the histidine side chain of the catalytic triad is the obvious proton donor, but a glutamine specificity pocket appears to be lacking. This active site seems primed for formation of an acyl-enzyme and release of NH3 as soon as an appropriate substrate binds.
The mechanism of catalysis by the glutamine domain is clearly related to the larger question of how the proteins couple catalysis in their two active sites. This is particularly intriguing because the Class I and Class I1 glutamine domains are paired with a different acceptor domain in each glutamine amidotransferase. Similarly, the acceptor domains are also found in different enzyme settings. For example, the acceptor domain of glutamine P-Rib-PP amidotransferase is a phosphoribosyltransferase. Glutamine P-Rib-PP amidotransferase and other phosphoribosyltransferases have a common core structure [7, 11, 12 ] and a highly conserved PRib-PP-binding P-loop, and are presumed to be homologous enzymes. The ATP pyrophosphatase acceptor domain of GMP synthase also has homologues in other enzymes. Thus each catalytic domain is evolved for a particular chemical function, but each is also specifically adapted to the setting of every enzyme where it occurs.
